Abstract The responses of ecosystem (R ec ) and soil (R s ) respiration to nutrient enrichment have been extensively investigated, aiding our understanding of ecosystem and soil carbon (C) balances in light of global changes. However, the effects of climatic variables and plant growth on CO 2 fluxes under nutrient enrichment remain poorly known. We measured aboveground biomass (Ab), R ec , and R s during three consecutive growing seasons (2010)(2011)(2012) in a Tibetan alpine meadow where a nitrogen (N) and phosphorous (P) fertilization experiment began in 2008. The five treatments were Ctrl (no N or P fertilization), LN and HN (addition of 5 and 10 g N m À2 year À1 , respectively), LN + P and HN + P (the respective N treatments with 5 g P m À2 year À1 added). LN and HN did not affect R ec , R s , or Ab during the three growing seasons, but both N + P treatments increased Ab in all 3 years. However, the effects of N + P on R ec and R s varied among years: N + P increased R ec and R s at most sampling times in 2010 and 2011, but the effect seemed to reach saturation in 2012. Additionally, R ec and R s were positively correlated with Ab in N + P, indicating that enhanced Ab contributed considerably to the observed variation in R ec and R s . Different climate patterns during three seasons drove the inconsistent relationships of CO 2 fluxes with soil temperature and moisture. Our results suggest that temperature and precipitation patterns throughout the growing season are important modulators of CO 2 fluxes under increasing nutrient levels in arid alpine meadow ecosystems.
Introduction
Shortages of nitrogen (N) and phosphorus (P) often limit primary productivity and other biological processes in terrestrial ecosystems (Vitousek et al. 2010) . Because increased deposition of atmospheric N has increased the amount of available N in many ecosystems (Bobbink et al. 1998) , investigating the impacts of these increasing N loads on terrestrial ecosystems is important. Plant growth and atmospheric carbon (C) uptake are commonly enhanced in ecosystems exposed to increased N deposition or fertilization experiments (Magnani et al. 2007 ). However, scientists continue to debate the responses of soil C storage to nutrient addition.
Globally, soil organic matter contains more than three times as much C as either the atmosphere or terrestrial vegetation (Schmist et al. 2011) . Small changes in soil organic C storage can enhance or offset the positive effects of increasing fixation by vegetation on atmospheric C, depending on the response of soil organic C to increasing N availability. Some studies have suggested that changes in C loss through respiration might be a main regulatory component of inter-and intra-annual variation in ecosystem net C sink-source status, and N deposition may account for a significant portion of the missing carbon dioxide (CO 2 ) sink in the northern hemisphere's C budget (Valentini et al. 2000) . Thus far, researchers have found significant positive (Gavrichkova and Kuzyakov 2008) , negative (Mo et al. 2008) , and neutral (Samuelson et al. 2009 ) effects of N enrichment on CO 2 emissions. The directions of these responses are closely related to the ecosystem type. Therefore, knowledge on how CO 2 efflux responds to nutrient enrichment in different ecosystems is critical to accurately evaluating CO 2 exchanges between ecosystems and the atmosphere, especially under nutrient limitation.
Ecosystem and soil respiration (R ec and R s ) are controlled by both biotic (e.g., plant growth, soil microbial activity) and abiotic (e.g., soil temperature, soil moisture) factors (Subke et al. 2006; Li and Sun 2011) . For instance, positive correlations between R s and soil temperature (T s ) have been found in most terrestrial ecosystems (Peng et al. 2009 ) and are used in C cycling models (Jia and Zhou 2009; Ito et al. 2010) . However, R s is negatively related to T s in arid and semi-arid ecosystems, where both plant growth and soil microbial activity are limited by water (Tang and Baldocchi 2005) . Recently, new evidence has shown that R ec and R s are not merely functions of T s and moisture but are also related to plant growth (Bahn et al. 2009 ). Photosynthetic C fixation regulates R ec and R s by controlling the C available for both autotrophic and heterotrophic respiration (Janssens et al. 2001) . Moreover, modulation of the photosynthetic C available to R s could explain the apparent negative relationship between R s and T s in forest ecosystems (Ho¨gberg et al. 2004) .
In arid and semiarid alpine meadows, ecosystem processes strongly depend on temperature and precipitation. For instance, plant growth (photosynthetic C fixation) was strongly influenced by temperature, precipitation, or their simultaneous effects during the growing season in an alpine meadow Fu et al. 2013) . Additionally, plant growth in alpine meadows is nutrient-limited (Zhou 2001) . Alpine plants are usually dwarfed, with slow growth rates throughout the growing season. Thus, the contribution of plant growth to R ec and R s is probably low. Recent studies suggested that N enrichment enhanced plant growth in alpine meadows, which was further related to changes in R ec and R s (Fang et al. 2012; Jiang et al. 2013) . Nevertheless, variations in temperature and precipitation in arid alpine meadow ecosystems are often asynchronous during the growing season, resulting in inconsistent seasonal patterns of plant growth (photosynthetic C fixation) with respect to these two environmental parameters. Although nutrient addition is well known and documented to affect R ec and R s by influencing plant photosynthetic C fixation, little is known about how interactions between biotic and abiotic factors modulate responses of R ec and R s to nutrient enrichment on the Tibetan Plateau.
To address these issues, a N and P fertilization experiment was carried out in an arid alpine meadow on the Tibetan Plateau in 2008. The regulation of biotic and abiotic factors and their interactions on responses of R ec and R s to nutrient enrichment were investigated. Many lines of evidence show that alpine meadow ecosystems are primarily limited by low available soil N (Bowman et al. 1993; Cao and Zhang 2001) . However, soil available P usually becomes the primary limiting factor after release from N limitation. To understand whether soil available P would shift to become the primary limiting element after N addition, N + P treatments were included in this experiment. In this study, we used data on R ec , R s , plant aboveground biomass (Ab), T s , and soil moisture (M s ) from the nutrient fertilization experiment in 3 consecutive years (2010) (2011) (2012) . The cumulative effects of fertilization were compared from year to year in each treatment. The objectives of the present study were to (1) examine the responses of R ec and R s to N and P enrichment, (2) determine the contributions of plant growth (Ab) to variations in R ec and R s , and (3) explore how annual climatic patterns modulate the responses of plant growth, R ec , and R s to nutrient enrichment.
Materials and methods

Study site
A field fertilization experiment was conducted in an alpine meadow in Damxung County (30°51¢N, 91°05¢E), located in the south central region of the Tibetan Plateau in Tibet Autonomous Region, China. The average elevation of this area is 4320 m a.s.l. The continental semiarid climate features dry and frigid winters and springs with a mean annual temperature of 1.3°C, and a mean monthly minimum and maximum of À10.4°C in January and 10.7°C in July. The plant growing reason lasts about 100 days. Mean annual precipitation is 470 mm, about 85 % of which falls in the summer monsoon from June through August. Climate data was based on data collected from 1962 . The vegetation was dominated by perennial sedges Kobresia pygmaea C. B. Clarke and Carex montis-everestii Kukenth and the grass Stipa capillacea Keng, accompanied by herbs such as Anaphalis xylorhiza Sch.-Bip. ex Hook. f., f. rosea Ling and Potentilla bifurca L. In summer, the canopy averages less than 10 cm in height, and vegetation cover ranges from 50 to 80 %, depending on precipitation .
Experimental design
For the fertilization experiment in 2008, we selected a 40 · 40 m area with uniform vegetation coverage that was not known to have been fertilized by humans. We used a complete randomized block design with five blocks, each with five 5 · 5 m split plots. The plots were separated from each other by 2-m buffer zones. The five plots in each block were assigned randomly to one of the following five treatments having three N levels and two N levels combined with a constant level of P: 0 (Ctrl), 5 (LN, low N), and 10 (HN, high N) g N m À2 year À1 , as well as the LN and HN treatments combined with a constant 5 g P m À2 year À1 (LN + P and HN + P, respectively). The fertilizers CO (NH 2 ) 2 and (NH 4 ) 2 HPO 4 were applied at the beginning of the growing season (in mid-June) of each year. For each treatment, four of five replicate plots were randomly selected for the measurements of respiration and biomass.
Field sampling and measurements
In 2010, 2011, and 2012, we measured R ec and R s three times per month at about 10-day intervals from early July to late September. Previous studies indicated that the respiration rate at about 9:00 am (local time) was close to the average daily respiration rate in the same alpine meadow (Xu et al. 2004b; Zhang et al. 2006) . Therefore, R ec and R s measurements in this study were made between 9:00 and 11:00 am (local time).
R ec and R s were directly measured using the opaque chamber of a Li-Cor-8100 103 automatic soil CO 2 efflux measurement system (LI-COR, Lincoln, NE, USA). The CO 2 efflux with aboveground vegetation measured in the dark chamber was considered to be R ec Chojnicki et al. 2010) , and the CO 2 efflux without aboveground vegetation to be R s . At the beginning of each measurement, a cylindrical PVC collar (20 cm diameter, 5 cm high) was inserted into the soil to a depth of 3 cm in each plot to measure respiration rates. All collars were installed at least 12 h prior to the measurements to reduce disturbance, and a measurement chamber was mounted atop each collar. The internal height of the chamber was approximately 25 cm to allow it to enclose all the plants. The vegetation in the collar was left intact so that the measurement represented R ec (soil plus above-ground vegetation). Each measurement lasted 120 s. The respiration rate was calculated based on the CO 2 concentration in the chamber during the measurement. R ec was measured on the first day, and then the plants within those collars were clipped to the ground level and collected in envelopes. R s was measured 24 h later. Ab was determined by drying the clipped plants at 65°C to a constant weight.
For 2010, soil temperature (T s ) and soil moisture (M s ) at a depth of 5 cm were derived from meteorological data that were continuously monitored at a meteorological tower within 200 m of our study area with exception that T s and M s were missed from August 25, 2010 to September 1, 2010. All the channels were connected to data loggers (HOBO Weather Station, Onset Computer Corporation, Bourne, MA, USA) . Because the meteorological data from the meteorological tower were missed in some periods of the 2011 growing season, data of T s and M s in 5 cm depth of 2011 and 2012 were derived from measurements of a FLUXNET station within 200 m distance from the experimental site. Daily precipitation (PPT) was obtained from a regional meteorological observation station in Damxung County (No. 55493, 4200 m a.s.l., 30°29¢N, 91°06¢E).
Statistical analysis
We calculated the mean R ec and R s of the 2010, 2011, and 2012 growing seasons from the four replicated measurements in each treatment. Three-way analysis of variance (ANOVA) was used to determine the effects of year, measurement date, fertilization, and their interactions on Ab, R ec , and R s (Table 1) . Because the effects of year, measurement date, and fertilization were significant, one-way ANOVA was applied to determine the effects of these dependent variables on Ab, R ec , and R s during each of the three growing seasons. Significant treatment effects were tested using Tukey's honestly significant difference (HSD) with P = 0.05. Correlations of R ec and R s with T s , M s , and Ab under Ctrl, LN + P, and HN + P treatments in 2010, 2011, and 2012 were examined by Pearson correlation; N addition alone (LN and HN) did not affect R ec , R s , or Ab at most (Fig. 1) . Specifically, precipitation events were concentrated in the late growing season (mid-August to mid-September) of 2010 (Fig. 1a) , corresponding to elevated M s during this period. T s fluctuated little from early July to mid-August but decreased sharply after mid-August (Fig. 1b) . In contrast, precipitation events were concentrated in the beginning of growing season (early July) and remained high until mid-August in 2011 (Fig. 1c) ; M s was high from early July to mid-August, after which it declined significantly. In contrast, T s fluctuated little from early July to mid-August but increased slightly after mid-August with decreasing PPT (Fig. 1d) . Precipitation events were uniformly distributed over the 2012 growing season. M s peaked in mid-August and then declined, paralleling PPT (Fig. 1e, f) . T s remained relatively stable over the 2012 growing season.
Effects of fertilization on seasonal patterns of aboveground biomass Aboveground biomass exhibited seasonal patterns during all three growing seasons (Fig. 2a) . LN and HN did not affect Ab relative to the Ctrl during any year (Appendix Table 3 ). Compared with Ctrl, LN + P only significantly increased Ab on September 4, 2010, while HN + P significantly increased Ab during the 2010 growing season, with the exception of July 18 and August 2. Similarly, LN + P and HN + P significantly increased Ab at most measurement times during the 2011 growing season, except on September 10 in LN + P and on July 18, August 1, and September 15 in HN + P. Moreover, LN + P significantly increased Ab during the growing season of 2012, with the exceptions of July 17 and August 25, while HN + P only significantly increased Ab on August 16 and September 6, 2012. Significant differences in Ab were observed among all 3 years (P < 0.0001; Table 1 ). Under fertilization treatments, peak values of Ab in 2012 were significantly higher than those in 2010 (Fig. 2b) . No difference was found in the Ctrl treatment among the 3 years.
Effects of fertilization on seasonal patterns of ecosystem and soil respiration Over the growing seasons of 2010, 2011 and 2012, R ec and R s in the Ctrl and fertilization treatments displayed clear seasonal patterns (Fig. 3a, b) . However, the peak values of R ec and R s in 2010 occurred on September 4, Compared with the Ctrl, N addition alone (LN and HN) did not affect R ec or R s during the 2010-2012 growing seasons (Fig. 3a, b ; Appendix Tables 4 and 5 ). However, in 2010, LN + P and HN + P significantly increased R ec on July 18 and August 24, and R ec was also significantly enhanced by HN + P on September 12. LN + P and HN + P significantly increased R s in the later period of the growing season (September 5 in LN + P; September 5 and September 13 in HN + P). In 2011, LN + P and HN + P significantly increased R ec during almost all of the growing season, except on August 1 and August 11 in LN + P. Both LN + P and HN + P significantly increased R s at the beginning and end of the growing season (July 19, September 11, and September 16). However, no significant difference was found in R ec and R s among fertilization treatments in 2012. Only on August 7, 2012 did LN + P increase R ec significantly.
Significantly higher mean R ec during the 2012 growing season occurred in LN + P and HN + P compared with 2010, while no differences were found in Ctrl, LN, and HN among the 3 years (Fig. 3c) . Moreover, significantly higher mean R s during the growing seasons occurred in Ctrl and LN + P in 2011 and 2012 than in 2010, and significantly higher R s also occurred in HN + P in 2011 than in 2010 (Fig. 3d) . (mean ± SE, n = 4). For M Rec or M Rs in each treatment, bars with different letters were significantly different among the 3 years (P < 0.05). Figure 2 shows the treatment codes Relationships of ecosystem and soil respiration with soil temperature, soil moisture, and aboveground biomass R ec was not significantly correlated with T s in either the Ctrl or N + P treatments during the growing seasons of 2011 (P < 0.05; Table 2 ). R ec was negatively correlated with T s in Ctrl and N + P in 2010, and was positively correlated with T s in 2012. No significant correlations were found between R ec and M s in Ctrl or N + P in 2011. However, R ec was positively correlated with M s in Ctrl and N + P in 2010 and 2012.
R s was negatively correlated with T s in 2010 and positively in 2012 in Ctrl and N + P treatments (P < 0.05; Table 2 ). However, R s was positively correlated with M s in 2010 and 2012 in Ctrl and N + P (P < 0.01). Moreover, R s was not correlated with T s but positively correlated with M s in Ctrl and N + P in 2011. R ec and R s were positively correlated with Ab in Ctrl in 2011 and with Ab in N + P during the growing seasons of the 3 study years.
Discussion
Response of aboveground biomass to nutrient fertilization
Several studies have found that N enrichment generally increases aboveground net primary production by favoring a small number of opportunistic species, as has been observed in the grasslands of Europe (Bobbink et al. 1998 ) and North America (Wedin and Tilman 1996) . Our experiment in an alpine meadow demonstrated that N addition at rates of 5 and 10 g N m
À2
year À1 did not affect Ab, although biomass enhancement did occur on a few specific dates of measurement. A previous study showed that 4 g m À2 year À1 of added N significanty increased Ab in this alpine meadow (Zong et al. 2012) . If the N application rates are close to or above the saturation threshold, they could negatively affect plant growth (Aber et al. 1989 (Aber et al. , 1998 . However, we did not find such negative effects on aboveground biomass in our experiment and are not sure whether the saturation rate of N in this meadow is around 5 g N m À2 year À1 . Therefore, more detailed N rate treatments need to be applied in this meadow to determine the responses of both plant growth and soil microbial activity to N application.
We also found that Ab was significantly higher in N + P than in the Ctrl treatment, indicating that plant growth in this meadow might be co-limited by N and P or that P might limit plant growth after release of the initial N limitation with N enrichment. N and P often co-limit plant growth in some ecosystems, and P limitation has been observed in equatorial regions, tropical forests, and freshwater ecosystems (Davidson et al. 2004) . Supplying both N and P can enhance the growth and reproduction of photosynthetic biota as well as large-scale ecosystem primary production (Elser et al. 2007; LeBauer and Treseder 2008) . Furthermore, responses of plant growth to N plus P are even greater than N addition alone (Elser et al. 2007 ). In our study, the significantly higher mean Ab under N + P in the 2012 growing season suggested that biomass might continue to increase with N + P enrichment in the future. Unfortunately, we did not test P addition alone in our experiment, so we do not know whether plant growth was primarily limited by P or colimited by N and P.
Responses of ecosystem and soil respiration to nutrient fertilization
The effects of nutrient enrichment on soil CO 2 emissions vary among different ecosystems; they can be positive, negative, or neutral. Positive effects of N fertilization on soil C sequestration have been found in European grasslands (Soussana et al. 2007 ). Schnabel et al. (2001) concluded that fertilizing pasture soils with low inherent fertility generally increased productivity and soil organic Table 2 Pearson correlations of ecosystem (R ec ) and soil (R s ) respiration with soil temperature (T s ), soil moisture (M s ), and aboveground biomass (Ab) under unfertilized (Ctrl) and fertilization treatments (N + P; 5 or 10 g N + 5 g P m À2 year À1 ) in 2010, 2011 and 2012. Here only control and LN + P and HN + P were considered since LN or HN did not affect R ec and R s in the consecutive 3 years C. Consequently, the missing global CO 2 sink was partly attributed to the positive effect of N deposition on C sequestration (Schimel et al. 2001) . In contrast, soil CO 2 emissions increase substantially in response to N fertilization. For example, chronic atmospheric N deposition stimulated soil CO 2 efflux in an alpine meadow by increasing available N and promoting plant growth (Xu et al. 2004b; Fang et al. 2012 ). In addition, enhanced decomposition rates caused by an increased production of plant litter under nutrient enrichment also resulted in higher CO 2 emissions and dissolved organic C release from peat bogs (Bragazza et al. 2006 ). In our study, N addition alone (5 and 10 g N m À2 year À1 ) did not affect R ec and R s in the alpine meadow during the growing seasons of 2010, 2011 and 2012. However, the combination of N and P significantly enhanced R ec and R s . Moreover, we found a significant positive correlation of R ec and R s with Ab in this study. Therefore, a nutrientmediated increase of labile C from plant photosynthesis may stimulate soil microbial activity and consequently contribute to an enhancement of R ec and R s . This idea was confirmed by an incubation experiment on an alpine meadow soil which showed an increase in soil available N did not cause changes in the rate of decomposition of soil organic matter while more soil labile C (glucose) promoted this decomposition (Song et al. 2010 ). As mentioned above, we presume that microbial activity may be primarily limited by labile C rather than soil available N in this meadow. Whether P is a limiting nutrient or whether synergistic effects between N and P on respiration exist must be investigated in further research.
Mean R ec during the growing season in LN + P and HN + P significantly increased from 2010 to 2012. However, mean R s in these treatments increased significantly from 2010 to 2011 then remained stable from 2011 to 2012. All the results suggested that the positive response of R s to N and P enrichment might be saturated after 4-5 years of fertilization in this meadow, while R ec probably would continue to rise because of the ongoing increase in respiration of aboveground plants.
Factors modulating responses of ecosystem and soil respiration to nutrient enrichment In our study, the fact that R ec and R s were positively correlated with plant growth under N + P fertilization in the growing seasons of 3 consecutive years in the alpine meadow ecosystem further confirmed the findings of our previous study (Jiang et al. 2013 ). This also suggested that photosynthetic C fixation plays an important role in respiratory loss (Lenihan et al. 2003) . Photosynthetic C supplied from leaves to roots and the rhizosphere is a key driver of CO 2 efflux that has been overlooked in most soil CO 2 studies; this occurred because variations in temperature are highly correlated with solar radiation and masks the direct effects of photosynthesis on substrate availability in the soil (Boone et al. 1998) . The amount of C loss that is associated with a few summer rain events was greater at a site with higher primary productivity and soil C content (Xu et al. 2004a ). Janssens et al. (2001) reported that, in addition to T s and M s , photosynthesis drove R ec and R s . In our study, the positive effects of N + P fertilization on Ab, R ec , and R s late in the growing season implied that the application of these elements might stimulate soil microbial activity by increasing the photosynthetic C supply and might ultimately enhance respiration. An incubation experiment showed that soil labile C limited soil microbial activity in an alpine meadow (Song et al. 2010) , indicating that the late-season increase in respiration was largely a result of greater availability of labile C in the soil at that time. Therefore, the influence of plant growth on CO 2 emissions via the photosynthetic substrate supply should not be neglected in alpine meadows.
Meanwhile, T s (Drewitt et al. 2002) , M s (Kelliher et al. 1999) , or both (Davidson et al. 1998 ) have been used to explain variations in CO 2 efflux among ecosystems. A positive relationship between soil CO 2 efflux and T s has been widely observed in many ecosystems (Jones et al. 2003; Piao et al. 2008 ) and has been incorporated into some models to assess CO 2 efflux (Jia and Zhou 2009) . Soil CO 2 efflux is also significantly limited by both low (Wan et al. 2007 ) and high (Yonemura et al. 2013 ) M s . In our study, the relationships of R ec and R s with T s depended on the patterns of temperature and PPT during growing season. R ec and R s correlated positively with T s , when temperature was relatively stable and PPT was highest in mid-August at plant growth peak (in 2012). Meanwhile, R ec and R s were negatively correlated with T s , when temperature or PPT were relatively high in the beginning or at the end of the growing season (in 2010 and 2011). However, R ec and R s were positively correlated with M s in Ctrl and N + P in the three growing seasons in alpine meadow.
In this arid alpine meadow, precipitation is an important factor driving ecosystem processes. Because most alpine plants are dwarf with shallow root systems, they are unable to extract water from deep soil. Therefore, rainfall events strongly affect the phenology and growth of alpine plants and CO 2 effluxes. Our results agreed with those of Vargas et al. (2012) and Dinsmore et al. (2013) ; i.e., changes in the amount and frequency of rainfall are biophysical drivers that regulate the strength and timing of soil CO 2 efflux. Thus, the accurate quantification of terrestrial C sinks must consider interannual variations in temperature and precipitation.
Conclusions
This study found that LN and HN (5 and 10 g N m
À2
year À1 , respectively) did not affect Ab, R ec , or R s in three growing seasons in an alpine meadow. Compared with the Ctrl treatment, both LN + P and HN + P (LN and HN with 5 g P m À2 year À1 , respectively) significantly increased Ab, but not R ec and R s , at most sampling times from 2010 to 2012. The effects of N + P on increased respiration rates seemed to reach saturation in 2012, except that R ec was significantly enhanced under LN + P on August 7, 2012. The significant correlations of R ec and R s with Ab in N + P indicated that plant growth was an important biotic factor modulating respiration responses to N + P in this alpine meadow. In addition, the responses of R ec and R s to N + P were largely determined by the seasonal patterns of soil temperature and precipitation. In summary, our results suggested that CO 2 flux in this alpine meadow ecosystem strongly depended on temperature, precipitation, soil nutrient conditions. Results of the 5 year N + P addition experiment also provide a thorough understanding of the effects of N and P fertilization and climatic factors on R ec and R s and improve our ability to assess trace gas fluxes in this region in the face of climate change and increasing soil nutrient availability. Mean ± S.E. are given, and n = 4. Values with different letters are significantly different among treatments at P < 0.05 (Tukey's HSD test). Table 3 shows the treatment codes Mean ± S.E. are given, and n = 4. Values with different letters are significantly different among treatments at P < 0.05 (Tukey's HSD test). Table 3 shows the treatment codes
